ABSTRACT-Fiber type distributions, cross-sectional areas (CSAs) and succinate dehydrogenase (SDH) activities in the soleus (SOL) muscle in normotensive Wistar-Kyoto (WKY) and spontaneously hypertensive (SHR) rats were determined after exposure to cigarette smoke at three different dosage levels using a smoking machine. The rats were exposed to cigarette smoke at a rate of 15 puffs /min, for 20 min /day with 23 cigarettes (low-dosage), 26 cigarettes (medium-dosage) or 30 cigarettes (high-dosage) for 8 weeks. There were no effects on the body weight, SOL weight, fiber type distribution, CSA or SDH activity of WKY after exposure to cigarette smoke, irrespective of the dosage level. In contrast, the body weights of SHR were lower after exposure to cigarette smoke, irrespective of the dosage level. The SOL weights of SHR were lower after exposure to cigarette smoke at the medium-and high-dosage levels. A lower percentage of type I fibers, a higher percentage of type IIA fibers and a smaller CSA of both type I and type IIA fibers were observed in SHR after exposure to cigarette smoke at the high-dosage level, but not at the low-and mediumdosage levels. These results indicate that heavy cigarette smoke causes changes in the enzyme histochemical properties with a reduced CSA of the SOL in SHR, but not in WKY.
The mammalian skeletal muscles are consisted of different types of fibers according to their enzyme histochemical properties. Muscle fibers are classified into slow-twitch (type I) and fast-twitch (type II) based on differences in adenosine triphosphatase (ATPase) activity following alkaline preincubation (1, 2) . Type II fibers have been further subclassified into type IIA, type IIB and type IIC according to their ATPase activities measured under alkaline or acid preincubation conditions. Type IIC fibers are found in the embryonic and neonatal periods and decrease during postnatal development (3 -5) .
A previous study (6) observed that smokers have a lower percentage of type I fibers and a higher percentage of type II fibers, especially type IIB fibers, in the vastus lateralis muscle than non-smokers. However, another study (7) showed that chronic nicotine exposure has no effect on skeletal muscle fiber profiles including contractile, enzyme histochemical or biochemical properties. To obtain more conclusive findings, the present study examined the effects of exposure to cigarette smoke on fibers of the soleus (SOL) muscle in normotensive Wistar-Kyoto (WKY) and spontaneously hypertensive (SHR) rats at three different dosage levels using a smoking machine. It would be expected that the skeletal muscle of SHR shows more responses to exposure to cigarette smoke than that of WKY because hypertension causes the closure and eventual loss of microvessels (15) , which are important to maintain blood and oxygen supplies.
MATERIALS AND METHODS

Experimental animals
Ten-week-old male WKY and SHR were housed in polycarbonate cages. The animals were maintained at a temperature of 22 ± 2°C with a 12-h light and 12-h dark cycle (lights on at 6:00 and off at 18:00) and were fed standard laboratory chow and tap water ad libitum. The present study was performed in accordance with the Guiding Principles for the Care and Use of Laboratory Animals approved by The Japanese Pharmacological Society. All procedures were approved by the Animal Care Committee at Nara Medical University.
Exposure to cigarette smoke
The animals were exposed to cigarette smoke in the chamber of a Hamburg II smoking machine (Bogwaldt, Germany) as described by Suemaru et al. (8) . The cigarette named Long Peace (Japan Tobacco Inc., Tokyo) was used in the present study. The contents of nicotine and tar were 2.4 mg and 24 mg per cigarette, respectively. The cigarette was smoked at a rate of 15 puffs /min with an inhalation of 2 s and the smoke was mixed with 7 vol of air in the chamber. Therefore, the animals were exposed to a mixture of smoke and air.
Schedule of cigarette smoke
Three experiments were carried out at different dosage levels of cigarette smoke based on the number of cigarettes. The rats were divided into two groups: cigarette smoke (low-dosage, n = 5; medium-dosage, n = 5; high-dosage, n = 10) and non-smoke controls (same number of animals for the corresponding cigarette smoke group). The cigarette smoke groups were exposed to cigarette smoke with 23 cigarettes (low-dosage), 26 cigarettes (medium-dosage) or 30 cigarettes (high-dosage) per 20 min once daily in the chamber. The exposure to cigarette smoke was performed on 5 successive days (Monday to Friday) for 8 weeks. Control animals were handled in the same manner as the cigarette smoke groups without exposure to cigarette smoke.
Tissue processing
Twenty four hours after final exposure to cigarette smoke, the animals were anesthetized with sodium pentobarbital (50 mg /kg body weight, i.p.). The left SOL was removed and placed on cork at its in vivo length and quickly frozen in isopentane cooled with liquid nitrogen. Serial transverse sections, 10 mm-thick, from the midbelly of the SOL were cut on a cryostat maintained at -20°C. The sections were brought to room temperature, air dried for 30 min and incubated for the demonstration of ATPase and succinate dehydrogenase (SDH) activities (9) .
Tissue analysis
The fiber type distributions and cross-sectional areas (CSAs) and SDH activities of fibers in the SOL were examined using a computer-assisted image processing system (9, 10) . The fiber type distributions, CSAs and SDH activities of fibers were determined from approximately 100 fibers from the middle region of the SOL.
ATPase staining and fiber typing
For determination of the alkaline preincubation ATPase activity, the following procedures were employed (9 -11): 1) preincubation for 15 min at room temperature in 75 mM glycine, 50 mM CaCl2 and 75 mM NaCl in distilled water, adjusted to pH 10.4 with NaOH; 2) washing in 5 changes of distilled water; 3) incubation for 45 min at 37°C in 2.8 mM ATP, 50 mM CaCl2 and 75 mM NaCl in distilled water, adjusted to pH 9.4 with NaOH; 4) washing in 5 changes of distilled water; 5) immersion for 3 min in 1% CaCl 2 ; 6) washing in 5 changes of distilled water; 7) immersion for 3 min in 2% CoCl2; 8) washing in 5 changes of distilled water; 9) immersion for 1 min in 1% (NH 4 ) 2 S; 10) washing in 5 changes of distilled water; and 11) dehydration in a graded series of ethanol, passing through xylene and then coverslipping. Basically, the same protocol was used for the acid preincubation conditions. However, acid preincubation was carried out for 5 min in 50 mM sodium acetate and 30 mM sodium barbital in distilled water, adjusted to pH 4. Fiber SDH activity SDH activity was determined in an incubation medium containing 130 mM sodium succinate and 1.5 mM nitroblue tetrazolium in 0.1 M phosphate buffer, adjusted to pH 7.0 (12, 13). The reaction was stopped by multiple washings in distilled water and the sections were dehydrated in a graded series of ethanol, passing through xylene and then coverslipping. The SDH activities at 45 min of incubation time were used for comparisons among fibers of different types in the muscle because the activities of the muscle fibers showed a plateau after 45 min of incubation.
Each pixel on a computer image was quantified as one of 256 gray levels. A gray level value of zero was equivalent to 100% transmission of light, and that of 255 was equivalent to 0% transmission. The mean optical density (OD) value of all pixels within a muscle fiber was determined using a calibration tablet which has 21 gradient density steps and corresponding diffused density values (14) .
Statistics
The values were presented as mean ± standard deviation (S.D.). An unpaired Student's t-test was used for compari-sons between the control and cigarette smoke groups.
RESULTS
Body and SOL weights
There were no differences in the body weight between the control and cigarette smoke groups of WKY, irrespective of the dosage level (Fig. 1A) . In contrast, the body weight was lower in the cigarette smoke group of SHR than in the control group, irrespective of the dosage level (Fig. 1A) .
There were no differences in the SOL weight between the control and cigarette smoke groups of WKY, irrespective of the dosage level (Fig. 1B) . In contrast, the SOL weights were lower in the cigarette smoke groups at the middle-and high-dosage levels, but not at the low-dosage level, of SHR than in the corresponding control group (Fig. 1B) .
Fiber type distribution
There were no differences in the fiber type distribution between the control and cigarette smoke groups of WKY, irrespective of the dosage level (Figs. 2A, 3A, 4A and 5 ). In contrast, the percentage of type I fibers was lower and that of type IIA fibers was higher in the cigarette smoke group at the high-dosage level of SHR than in the corresponding control group (Figs. 4A and 6), while there was no difference in the fiber type distribution between the corresponding control and cigarette smoke groups at the low-and medium-dosage levels of SHR ( Figs. 2A and 3A) .
Fiber CSA
There were no differences in the fiber CSA between the control and cigarette smoke groups of WKY, irrespective of the dosage level (Figs. 2B, 3B and 4B ). In contrast, the CSAs of type I and type IIA fibers were smaller in the cigarette smoke group at the high-dosage level (Fig. 4B) , but not at the low-and medium-dosage levels (Figs. 2B and 3B), of SHR than in the corresponding control group.
Fiber SDH activity
There were no differences in the fiber SDH activity between the control and cigarette smoke groups of both WKY and SHR, irrespective of the dosage level (Figs. 2C,  3C and 4C ).
DISCUSSION
The present study found that there are no effects on the body and SOL weights, fiber type distribution, fiber CSA or fiber SDH activity of WKY after exposure to cigarette smoke, irrespective of the dosage level. In contrast, the body and SOL weights of SHR were lower after exposure to cigarette smoke at the high-dosage level. In addition, heavy cigarette smoke affects the fiber type distribution and fiber CSA in SHR, but not in WKY; i.e., the percentage of type I fibers was lower, the percentage of type IIA fibers higher and the CSA of both type I and type IIA fibers smaller in the SOL of SHR after exposure to cigarette smoke at the high-dosage level (Fig. 4) .
The SOL in WKY has an adequate oxidative capacity because this muscle is consisted presumably of high-oxidative fibers (9) . Therefore, it is suggested that there was no need to change the metabolic properties for a decreased blood and oxygen supply under exposure to cigarette smoke even at the high-dosage level.
Hypertension causes the closure and eventual loss of microvessels (15) . Therefore, vascular alterations of SHR would be associated with a simultaneous change in functional, metabolic and morphological properties of the muscle. In fact, previous studies (16 -19) reported that SHR has lower tetanic tension, shorter contraction, faster relaxation, an increased percentage of low-oxidative fibers and a higher percentage of fast type myosin heavy chain isoforms in the SOL than normotensive WKY. These results indicate that SHR has lower aerobic characteristics than WKY, suggesting that the skeletal muscles of SHR are more responsive to exposure to cigarette smoke.
The fibers in the SOL of SHR exposed to cigarette smoke would be expected to be responsive for at least two reasons: 1) the increase in blood HbCO by cigarette smoke causes hypoxia and 2) nicotine in cigarette smoke causes capillary contraction and therefore the blood supply decreases. These two reasons mean that muscle fibers receive lower oxygen under hypoxic conditions caused by exposure to cigarette smoke than under normal conditions. Patients with chronic obstructive lung disease have a higher percentage of type II (FOG and FG, but especially FG) fibers in the lateral regions of the quadriceps muscle than normal controls, while the type II fiber population decreased and the type I fiber population increased toward the normal level after isovolumic hemodilution (20 -22) . It is widely known that acute hypoxia enhances an anaerobic glycolysis, which might depress the synthesis of mitochondrial oxidative enzymes (23, 24) . However, chronic hypoxia causes a shift of anaerobic glycolysis to aerobic metabolism and induces an increase in the percentage of high-oxidative fibers and the capillary density around a fiber because muscle fibers need to maintain the mitochondrial oxidative pathway for energy supply under hypoxic conditions with less atmospheric oxygen. In the rat SOL, the oxidative enzyme activity is higher in type IIA fibers than in type I fibers (9) . It is concluded that the lower percentage of low-oxidative type I fibers and the higher percentage of high-oxidative type IIA fibers in the SOL of SHR observed in the present study are due to adaptive responses following exposure to heavy cigarette smoke.
In the present study, the decreased CSAs of both type I and type IIA fibers in the SOL of SHR were observed following exposure to heavy cigarette smoke. Previous studies already observed a decreased CSA of muscle fibers in tobacco smokers (25) and in rats exposed to tobacco smoke (26) . The smaller CSAs of fibers following exposure to cigarette smoke are adaptive responses because supplies of oxygen for the oxidative energy metabolism from capillaries, which are located close to the membrane, are more effective in smaller sized fibers. Therefore, it is suggested that the decreased CSA is due to an adaptive response and induces a facilitation of oxygen transport and an improvement in the diffusion of oxygen from capillaries to muscle fibers.
In summary, it is concluded that there are dose-dependent cigarette smoke effects on the fibers in the SOL of SHR, and therefore that heavy cigarette smoke causes adaptive responses; i.e., a type shift of fibers from low-to high-oxidative and a decreased fiber size, in the skeletal muscle of SHR in compensation for the lower oxygen binding capacity of hemoglobin under hypoxic conditions.
